An estimation of joint damage and its progression is important in assessing the outcome of arthritis. Slow acting antirheumatic drugs may decrease the rate of radiological progression in rheumatoid arthritis and improve markers of disease activity. 1 2 Non-steroidal anti-inflammatory drugs may worsen joint destruction as has been suggested by animal studies3 and reported in man.4 5 Radiological scoring systems may be used to substantiate these findings. Current systems, based either on verbal descriptions (such as normal, mild, moderate, and severe) or matching to standard x rays,67 are inherently insensitive. Sharp and colleagues have improved these methods with a complex, time consuming system of analysis of erosions.8 There is increasing interest in computer based x ray analysis as shown by Buckland-Wright et at who used microfocal radiography9 and Gaydecki and colleagues who assessed changes in bone shape using digital image analysis.'0 Our hypothesis is that joint space narrowing is the most direct marker of joint destruction in osteoarthritis; osteophyte formation and periarticular sclerosis are related but secondary phenomena. ' This is supported by Altman et al, who measured disease progression in knee radiographs.12
An ideal radiological scoring system should be sensitive to facilitate early detection of change. Assessment of joint destruction depends on the quality of the x ray and the measurement. Here our primary concern is the quality of the measurement. Radiographic quality is limited by such factors as the position of the patient, rotation, the distance from the x ray source, the penetration of the film, and the signal to noise ratio of the image.
Quality of measurement in a digital analysis system is limited by the minimum data capture area-that is, the size of a pixel. Measurement of areas is likely to be more accurate than measurement of distance as more information is analysed. Variability is likely to be small and reproducibility good.
The ideal system should be inexpensive, operator independent, and easy to use. It should rapidly evaluate routine radiographs from any rheumatology or radiology department. In an attempt to realise these objectives we examined computerised analysis of digitised images of knee x rays to measure joint space.
Methods

RADIOGRAPHS
Posteroanterior x rays of the knee were used to evaluate the system. Films of a radiologically normal knee and one with definite radiological evidence of osteoarthritis-that is, asymmetrical joint space narrowing with osteophyte formation, were used. (Fig. 2 ).
COMPARISON WITH STANDARD FILMS
Comparisons were made with our own standard films of osteoarthritis of the knee. These are graded from 0 to 5, ranging from normality (score 0) to severe joint destruction (score 5), by considering joint space narrowing.13 Area and linear measurements were made on each standard x ray.
Results
Complete assessment of a film, including positioning, image capture, measurement of area, and distance, took less than two minutes.
THRESHOLD
To assess an area within a digital image the whole of the area must be counted as black or white. This was assured by measuring the area of joint space at an increasing threshold value-that is, the value above which the intensity of the image is counted as black and below which, white. Figure 3 shows the increase in measured area with increasing threshold. With a relative threshold of above 20 the whole area of joint space outlined was measured.
CALIBRATION
The digital image on the screen was calibrated by placing a sheet of high quality graph paper beneath the camera and measuring a series of distances and areas. The number of pixels per cm was 42-3, so the pixel size was estimated at 0-24 mm. The variability of one point positioning was determined by measurement of the coordinates of the cursor on repeated attempts to superimpose a dot on the screen. The mean value for the coordinates was x=179*9 (coefficient of variation 0.17%), y=244-9 (coefficient of variation 0.30%), n=10. Mean distance measurements differed from the nominal length by a maximum of 1%, which was constant over the range studied, with a coefficient of variation of less than 5-5%. Mean area measurements differed from the nominal area by a maximum of 1-3%; the percentage deviation was constant over the range studied. Reproducibility of determination of square areas had coefficients of variation of less than 5% in all cases. The area of an actual joint space is within this range. Table 1 gives the results of the calibration experiments. Table 2 shows the results of the mean area measurement and the coefficient of variation using different templates. Figure 2 includes a diagrammatic representation of the template. In addition, the image was evaluated inverted and in several degrees of partial inversion to assess enhancement. Joint space size was reported (n=10) and the mean and coefficient of variation calculated ( The radiograph was placed on the viewing box with the medial border of the femur over a vertical dotted line near the edge of the template and the middle of the lateral tibial spine over the third line away (Fig. 2) . To assess positioning and repositioning the x ray was removed from the viewing box and resited for each measurement (n=10). The coefficient of variation of measurements taken in this way was 1-3% for area measurement and 1-4% for distance measurement.
AREA MEASUREMENT
Area measurement was dependent on the number of points used to outline the area. This was calculated by repeated measurement (n= 10) using an increasing number of points (Fig. 4) . A minimum of seven points was needed.
INTEROBSERVER AND INTRAOBSERVER RELATIONS
Sixty knee radiographs were measured independently by two observers on two occasions. Interobserver and intraobserver correlations were calcu- Table 4 shows significant correlations between and within observers in all cases, with r values of above 0*9. There were no significant differences in area measurement between or within observers with a paired t test. Distance measurement showed that correlations were significant, with high r values in all cases (r>0*09), but there were significant differences between two observers when a paired t test was used. This suggests that area measurement is more reproducible.
LEARNING TIME An untrained observer, unfamiliar with x ray analysis, was shown how to use the computer. After one hour's tuition 60 repeated measurements were made on one radiograph. A mean value of 58&9 mm2 with a coefficient of variation of 1-3% was achieved for area measurement and a value of 5-6 mm with a coefficient of variation of 1-3% for linear measurement. These mean results were not significantly different from those of an operator familiar with the technique (area 59.0 mm2; distance 5-5 mm).
COMPARISON WITH STANDARD FILMS
In our first study of joint space narrowing in osteoarthritis we selected a series of standard films to show worsening grades of the disease. These standard films were measured with our new technique as an illustration of its usefulness in the clinical setting. Figure 5 shows the results obtained.
Discussion
We have described a radiological scoring system using computerised analysis of a stored digital image of knee radiographs. It was accurate, rapid, and easy to use, with good reproducibility. It was necessary to use a hand drawn template grid to position the film reproducibly. Using this, and a computer generated grid of vertical lines, we found small coefficients of variation in the measurement of normal and osteoarthritic joint spaces. To measure an area of joint space a minimum of seven points was plotted. Although an increased number of points increased the sensitivity of measurement, larger errors were introduced when 10 points were used, perhaps due to operator fatigue. The edge of the joint space for area measurement was detected by eye. Although the edge usually appears clearly on the screen, its measurement varies as a result of observer interpretation. This is more marked in x rays showing moderate to severe osteoarthritis, where the edge may be asymmetrical or obscured by osteophytes.
This scoring system appears to be a substantial improvement on the comparative systems. It is difficult, however, to compare it directly as it is based on a widely different scale. The comparative scoring systems have between 0 and 6 points. A one point increase is a major deterioration, and in osteoarthritis, particularly, may take many years to occur. A scoring system with a larger scale is bound to be useful, especially in early disease. Figure 5 illustrates that our measurements are applicable to a range of x rays with osteoarthritis, and it is not a direct comparison of the methods. Digitised processing of x ray analysis was pioneered by BucklandWright.13 He used microfocal radiography to improve resolution and to look at small areas in great detail. He employed a cursor to outline and measure areas of interest.9 Our measurement technique is similar, and the results of our calibration experiments are comparable. The resolution of our system, however, will always be limited by the quality of the x ray, but we can examine a larger field, which may compensate. Other advantages of our sytem are that it employs standard radiographs, which could originate from any radiology department. It is fast, easy to use, readily learned, and operator independent.
Digital analysis with subtraction has been applied to serial measurement of bone contour in single small joints of the hand. 10 This technique is sensitive to change and has good reproducibility. So far it has only been used in the assessment of the rheumatoid hand. Although change in bone shape is important, the major abnormalities in arthritis occur within the joint and may not be appreciated if only half of the surface is measured.
Direct measurement of joint space size is advantageous in x ray scoring as it can be used to create a normal range, which is essential in the study of populations. This was considered by Hollingsworth et al, who developed a complex manual method of measuring joint space height. 14 Results showed good correlations, but Hollingsworth and colleagues did not look at the differences between or within observers. We looked at this measurement using our digitised system and found good correlations, but differences between observers were significant. Area measurement showed good correlations with no significant differences between or within observers. Absolute area measurement is a more reliable measure of joint space loss than height.
The results of the present study using this semiautomatic method suggest that the software could be enhanced to improve ease of use and accuracy of measurements. Speed of measurement would be increased by complete automation. Incorporation of edge detection would mean that the only observer intervention was placement of the x ray onto a grid on the screen and initiation of the program. This would achieve rapid and accurate joint space measurement at the presss of a single button.
To examine the role of this scoring system several further experiments are being undertaken, including assessment of the normal joint space and comparison with that in other arthritides, and examination of joint space narrowing as a marker of early disease and its progression. Although this scoring system has been developed in osteoarthritis, there is no reason why it should not be modified to accommodate any joint and any kind of arthritis.
Image handling computers are common research tools and labour saving devices. Their application to the radiology of rheumatic diseases is important in our understanding and treatment of these conditions. We hope to adapt and use this scoring system to study further the nature and progression of arthritis. 
